We performed fluorescent in situ hybridization (FISH) for 16q23 abnormalities in 861 patients with newly diagnosed multiple myeloma and identified deletion of 16q [del(16q)] in 19.5%. In 467 cases in which demographic and survival data were available, del(16q) was associated with a worse overall survival (OS). It was an independent prognostic marker and conferred additional adverse survival impact in cases with the known poor-risk cytogenetic factors t(4;14) and del(17p). Gene expression profiling and gene mapping using 500K single-nucleotide polymorphism (SNP) mapping arrays revealed loss of heterozygosity (LOH) involving 3 regions: the whole of 16q, a region centered on 16q12 (the location of CYLD), and a region centered on 16q23 (the location of the WW domain-containing oxidoreductase gene WWOX). CYLD is a negative regulator of the NF-B pathway, and cases with low expression of CYLD were used to define a "low-CYLD signature." Cases with 16q LOH or t(14;16) had significantly reduced WWOX expression.
Introduction
Recurrent structural and numerical genomic abnormalities are characteristic features of multiple myeloma. The most common primary translocations are found in both the premalignant monoclonal gammopathy of undetermined significance (MGUS) and smoldering myeloma (SMM), and in multiple myeloma itself, and involve the immunoglobulin heavy chain (IgH) gene at 14q32: t(4;14), t(6;14), t (11;14) , t(14;16), and t (14;20) . 1 Trisomies of chromosomes 3, 5, 7, 9, 11, 15, 19 , and 21 plus gains of 1q are the most frequent gains along with deletions of 13q, 6q, 8p, 16q, and 17p. [2] [3] [4] It is difficult to determine the precise significance of large areas of gain or loss; therefore, we have previously used single-nucleotide polymorphism (SNP)-based arrays, 5 and others have used array-based comparative genomic hybridization (CGH), 6, 7 to define with greater precision the size and location of regions of deletion or gain. The ability to integrate these data with gene expression analysis has allowed us to map potential genes of interest back to these genomic regions. SNP-based arrays have allowed identification of copy neutral loss of heterozygosity (LOH), known as uniparental disomy (UPD), as another mechanism for gene inactivation in myeloma. 5 Deletion of all or part of 16q has been reported in 14% to 18% of myeloma cases by conventional cytogenetics or CGH. [8] [9] [10] Using 50K SNP arrays, we identified LOH of 16q in 17% of newly diagnosed myeloma cases, all of which appeared to be whole-arm deletions. 5 The prognostic impact of deletion of 16q [del(16q)] has not been clearly established, although deletions of 3 regions of 16q identified by array CGH were reported to be associated with adverse prognosis. 6 Deletions of all or part of 16q have also been described in a large number of nonhematologic cancers, including breast and prostate carcinomas and Wilms tumors. [11] [12] [13] Specifically, a WW domain-containing oxidoreductase gene (WWOX) has been identified at 16q23.1 at the common fragile site FRA16D as being the likely tumor suppressor gene deleted in this region. [14] [15] [16] [17] [18] [19] [20] The primary IgH translocation t(14;16) occurs at WWOX 21 and juxtaposes the oncogene MAF into the IgH locus, leading to MAF overexpression. 22 It has been identified in 25% to 5% of myeloma cases and has been associated with a poor prognosis. 23, 24 In this study, we sought to determine the clinical consequences of del(16q) by interphase fluorescent in situ hybridization (FISH) in newly diagnosed myeloma cases and to determine its genetic and clinical associations. We also have used high-density gene mapping to define accurately abnormalities of 16q in myeloma and integrated gene expression profiling to identify potential critical genes and to determine the pathways dysregulated as a consequence of 16q abnormalities. 27 In a subset of 131 patients, adequate tumor RNA was available for gene expression analysis, and in 55 of these, adequate tumor and germ-line DNA was available for additional gene-mapping investigations.
Human myeloma cell lines
Nine human myeloma cell lines (HMCLs) were obtained from the DSMZ cell culture database, Brunswick, Germany (LP1, H929) or ATCC, Manassas, VA (RPMI8226, U266) or kindly provided by Professor T. Otsuki, Kawasaki Medical School, Kawasaki, Japan (KMS11, KMS12BM, KMS26) or Birmingham University, Birmingham, United Kingdom (JIM1, JIM3).
FISH studies
FISH analysis was performed on CD138 selected plasma cells from 861 patients using the micro-FISH technique as described. 26 These represent the 94% of successfully purified cases received within the time period and had a median plasma cell percentage of 95%. Probes were a mixture of those commercially available and those grown and labeled in the laboratory using standard techniques. 25 Cases were classified according to the following abnormalities: the presence of any IgH translocation (including unknown partner chromosome); the common translocations t(4;14), t(6;14), t(11;14), t(14;16), t (14;20) , and t(8;14); deletions of 13q14, 14q32, 16q23, and 17p13; and hyperdiploid status using the iFISH (interphase fluorescence in situ hybridization) ploidy classification previously described. 25 Deletion of 14q was deduced from loss of the whole IgH probe or loss of the proximal signal where there was a split, and del(16q) was deduced from loss of the MAF part of the Abbott IgH/MAF probe combination. When scoring fusion probes, the number of copies of each probe was carefully noted as were the presence or absence and number of fusions.
DNA/RNA extraction
Cells for DNA and RNA extraction from 55 patients were frozen in RLT buffer (Qiagen, Valencia, CA) immediately after CD138 selection and stored at Ϫ80°C until extraction. HMCL and plasma cell DNA and RNA along with matched germ-line DNA from peripheral white cells were extracted using commercially available kits as described. 5 
Genome mapping and expression analysis
Mapping analysis was performed using 500 ng of tumor and germ-line DNA from each patient. DNA was prepared according to manufacturer's instructions using the GeneChip mapping 500K assay protocol for hybridization to GeneChip Mapping 250K Nsp and Sty arrays (Affymetrix, Santa Clara, CA). Briefly, genomic DNA was digested in parallel with restriction endonucleases NspI and StyI, ligated to an adaptor, and subjected to polymerase chain reaction (PCR) amplification with adaptor-specific primers. The PCR products were digested with DNaseI and labeled with a biotinylated nucleotide analog. The labeled DNA fragments were hybridized to the microarray, stained by streptavidin-phycoerythrin conjugates, and washed using the Affymetrix Fluidics Station 450 then scanned with a GeneChip scanner 3000 7G. For expression arrays, 100 ng of total tumor RNA was amplified using the 2-cycle target labeling kit (Affymetrix) and hybridized to Human Genome U133 Plus 2.0 arrays according to the manufacturer's instructions, washed, and scanned as described. 5 Statistical analysis of FISH and survival data SPSS (SPSS, Chicago, IL) and Statistica (Statsoft, Tulsa, OK) were used for statistical analysis. Comparisons of frequencies were carried out with Fisher exact test. OS was calculated using the Kaplan-Meier method with the log rank test used to calculate significance. Regression analysis to determine which variables were predictive of survival was carried out, and those attaining a significance of P less than or equal to .05 were included in a stepwise Cox proportional hazards model.
Copy number and LOH analysis
SNP genotypes were obtained using Affymetrix GCOS software (version 1.4) to obtain raw feature intensity and Affymetrix GTYPE software (version 4.0) using the Dynamic Model algorithm with a call threshold of 0.26 to derive SNP genotypes. Samples were analyzed using CNAG 2.0 (http://plaza.umin.ac.jp/genome/) 28 using paired tumor (test) samples with the self-reference control (reference) samples to determine copy number and LOH caused by imbalance. The position of regions of LOH and gain were identified using the University of California Santa Cruz (UCSC) Genome Browser, May 2004 Assembly (http://genome.ucsc.edu/cgi-bin/ hgGateway). All samples were also analyzed with dChip 2006 (www. dchip.org) 29, 30 to verify findings obtained with CNAG.
Integration of expression and SNP mapping array data
The samples were grouped into classes based on the presence or absence of LOH at the region of interest. Supervised hierarchical clustering was then performed using dChip, based on these classes, to determine genes that were differentially expressed between the classes. Samples without LOH were used as the baseline (B) and compared with those with LOH, the experimental group (E). Comparison criteria used were lower bound-fold change E/B more than 1.2 or B/E more than 1.2, mean difference E Ϫ B more than 100 or B Ϫ E more than 100, t test P less than .05. Gene lists were generated containing only genes within the region with LOH.
Generation of signatures defined by CYLD and WWOX
Gene signatures were generated from 131 cases, including the 55 cases in which mapping analysis had also been performed. Expression of a set of 640 NF-B-related and apoptosis-related probe sets was defined using KEGG pathway information (www.genome.ad.jp/kegg/pathway.html). Cases were classified into quartiles based on CYLD and WWOX expression. A 2-tailed t test (P Ͻ .05) was performed to determine the probe sets significantly differentially expressed in cases with low-quartile vs. highquartile expression for both CYLD and WWOX. A Monte Carlo simulation was performed on 10 000 samples of real expression data to determine the likelihood of finding a given number of probe sets by chance alone. For validation, the analysis was repeated in an independent dataset of 414 newly diagnosed myeloma cases publicly available from the National Center for Biotechnology Information's Gene Expression Omnibus (GEO). 31 
Results

Correlation between del(16q) and other FISH abnormalities
Deletion of 16q23 [del(16q)] was identified using FISH in 168 of 861 cases (19.5%). The correlations between other FISH abnormalities and cytogenetic abnormalities have been reported previously. 25 Del(16q) was significantly associated with deletion of 13q (P ϭ .009), deletion of the IgH probe on 14q (P Ͻ .001), deletion of p53 on 17p (P Ͻ .001), and with nonhyperdiploid status (P ϭ .043; Table 1 ).
Clinical correlations and survival analysis
Baseline clinical and laboratory data were available in 501 of 867 cases, of which OS could be assessed in 467. The 366 cases without any baseline laboratory parameters were excluded from further analyses. Univariate and multivariate survival analyses were restricted to the core group of 467 cases to ensure validity of the results. FISH correlations in this group were equivalent to the overall dataset. Del(16q) was negatively associated with the presence of an IgD isotype (P ϭ .04) but there were no other associations between 16q status and other baseline variables (Table 2) . Median serum ␤2-microglobulin (␤2m) level was 4.2 mg/L overall, 4.3 mg/L in the del(16q) group, and 3.95 mg/L in the nondeleted group.
In the univariate analysis, the presence of t(4;14), t(14;16), t(14;20), or del(16q) was associated with an adverse OS. The baseline levels of hemoglobin, platelet count, C-reactive protein (CRP), serum creatinine, age, and International Staging System (ISS) and elevated World Health Organization (WHO) performance status also had a significant survival impact. The presence of del(16q) was associated with a median OS of 36 months versus not reached (P ϭ .025; Figure 1A ). OS at 3 years in cases with del(16q) was 42% versus 72% in those without deletion. Moreover, del(16q) was associated with an additional adverse survival impact in combination with the known poor-risk cytogenetic factors t(4;14) and deletion 17p [del(17p)]. The median survival for del(16q) and t(4;14) was 13 months, del(16q) alone 36 months, and t(4;14) alone not reached, P ϭ .001 ( Figure 1B ). The median survival for del(16q) and del(17p) was 17 months, del(16q) alone 36 months, and del(17p) alone not reached, P ϭ .003 ( Figure 1C ).
Given that serum ␤2m is one of the most important variables predicting survival in myeloma, we examined whether del(16q) had prognostic impact in cases with either high (Ն 5.5 mg/L, corresponding to ISS stage III) or low (Ͻ 5.5 mg/L, corresponding to ISS stage I and II) ␤2m. 32, 33 The presence of del(16q) conferred adverse prognosis in those cases with both low or high ␤2m: median OS 27 months [del(16q) and high ␤2m] versus not reached in the remainder (P Ͻ .001; Figure 1D ). In this series, deletion of 13q [del(13q)] alone or del(13q) with del(16q) had no impact on OS (data not shown).
Multivariate analysis confirmed that del(16q) retained independence as an adverse prognostic marker (P ϭ .003) along with t(14;16) (P ϭ .001), t(4;14) (P Ͻ .001), light-chain isotype (P ϭ .021), WHO performance status (P Ͻ .001), ISS (P ϭ .002), and age (P Ͻ .001). Material was available from 55 cases for gene expression and mapping analysis. These cases did not differ in terms of isotype, ISS stage, and hematologic or biochemical parameters compared with the overall dataset (data not shown). Thirty-one of 55 cases (56%) were hyperdiploid, and 25 of 55 cases (45%) had an IgH translocation, including 10 t(11;14), 4 t(4;14), 3 t(14;16), 2 t(14;20), 1(6;14), and 5 cases with an unidentified translocation partner. The median call rate was 90.22% for the Nsp arrays and 91.84% for the Sty arrays. LOH of all or part of 16q was identified using 500K mapping arrays in 22 of 55 cases (40%). This LOH occurred in 3 distinct patterns: deletion of the entire chromosome 16 or the whole of 16q in 12/55 cases (22%), interstitial deletions of 16q in 7/55 cases (13%), and UPD of the entire chromosome 16 or 16q in 4/55 cases (7%), including one case with both UPD and interstitial deletion (Figure 2 ). All deletions of 16q were hemizygous.
Integration of gene expression and mapping data
Given the presence of interstitial deletions of 16q, the cases were further subdivided according to the presence or absence of LOH of 3 specific regions of 16q: all of 16q (16 cases, region 1), a 4.2-Mb region located at 16q12.1 (18 cases, region 2), and a 26-Mb region spanning 16q21 to 16q24.1 (21 cases, region 3). There was considerable overlap between the groups. The sizes and positions of all regions of 16q LOH are listed in Table 3 and represented in Figure 3 . To determine the genes of likely significance dysregulated as a result of the LOH and the functional consequences of this, we performed supervised hierarchical clustering of cases with each region of LOH versus those without. This revealed differential global gene expression of 185, 165, and 155 genes in cases with LOH of regions 1, 2, and 3, respectively. All such genes located within the regions of interest (38 for region 1 LOH, 4 for region 2, and 17 for region 3) were underexpressed in relation to cases without LOH (Table S1 , available on the Blood website; see the Supplemental Table link at the top of the online article). To reduce the complexity of the data, we compared this list of genes with a previous dataset of 60 genes located on 16q that were underexpressed in cases with LOH of that region 5 and identified a common set of 16 transcripts. Of these, CYLD was the only gene located in region 2. There were 5 genes located within region 3: TK2, WWP2, DDX19A, GABARAPL2, and WWOX. Of the 5 genes located within region 3, WWOX was identified as being the most likely candidate gene, given its known role as a potential tumor suppressor gene with no such similar function identified for the remainder. [14] [15] [16] [17] [18] [19] [20] Hemizygous del(16q) identified CYLD as being an important gene in myeloma and defined as a "low-CYLD signature"
In 18 of 22 cases with LOH of 16q the minimal region included 16q12.1. There were hemizygous interstitial deletions in 2 cases, one of 4.154 Mb and the other of 652 kb, both encompassing the known tumor suppressor gene CYLD. Cases were grouped into quartiles based on CYLD expression. Cases with LOH of region 2 predominantly had CYLD expression in the lowest 2 quartiles (Figure 4 ). CYLD is a negative regulator of the NF-B pathway, [34] [35] [36] raising the potential that this pathway is critical in myeloma. We therefore carried out an analysis of NF-B and apoptosis-related probe sets in the context of CYLD expression levels. For the low-CYLD vs. high-CYLD sample comparison, 208 of the 640 probe sets were significantly differentially expressed. The empirical P value for finding any 208 of 640 probe sets was less than 10 Ϫ4 ; therefore, these 208 probe sets were significant. These data were validated in an independent dataset of 414 newly diagnosed myeloma cases, and we identified a core overlapping set of 73 probe sets with significantly differential expression in both datasets. As such this represents a validated "low-CYLD signature" (Table S2) .
Combined mapping and expression analysis identified WWOX as being critically deregulated
Of the cases with LOH of 16q, 21 of 22 had LOH of region 3, which included 16q23.1, the location of WWOX. This included one t(14;16) case in which the deletion commenced within the gene itself extending to the telomere. In 2 other t(14;16) cases, deletions of 2 Kb and 46 Kb spanning 6 and 27 SNPs, respectively, could be identified within WWOX ( Figure 5 ). The identification of these regions using mapping technology supported the results of previous studies that the IgH translocation breakpoint occurred at common fragile site FRA16D, also the location of WWOX. 21, 22 WWOX gene expression was examined in those cases either with deletion spanning the gene or translocation and found to be reduced relative to cases without deletion or translocation ( Figure 6 ). Cases with LOH or translocation involving WWOX clustered in quartiles 1 and 2 of WWOX expression.
WWOX is known to have a proapoptotic effect by participating in the tumor necrosis factor (TNF) apoptotic pathway and via direct physical interaction with p53 and its homolog p73. [37] [38] [39] We therefore examined the apoptotic response in cases classified according to WWOX expression. A total of 175 of 640 probe sets were significantly differentially expressed (2-tailed t test, P Ͻ .05) in cases with low versus high WWOX expression. The empirical P value for finding any 175 of 640 probe sets was less than 10 Ϫ4 . A core overlapping set of 71 probe sets was identified when the same analysis was performed on the independent set of 414 cases. These 71 probe sets represent a validated "low-WWOX signature" (Table S3 ).
HMCLs
Gene expression and mapping on 9 HMCLs were performed. Deletion (JIM1) or UPD (U266) of the whole of 16q was present in 2 cell lines, and deletion of 16q11-q12.1 and 16q13-q23.1 was present in a third (KMS26), spanning the loci of CYLD and WWOX in all 3. In 3 cell lines, hemizygous deletions were Figure 3 . For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From identified located entirely within WWOX (KMS11, RPMI-8266, and U266), including a 149-kb homozygous deletion located entirely within WWOX (KMS11). Gene expression analysis confirmed that all HMCLs with LOH had low or low-normal expression levels of these genes. These data support the importance of 16q abnormalities in myeloma cell lines derived from advanced clinical samples as well as in presenting myeloma cases.
Discussion
Clinical impact of 16q deletion
In this study we have carried out the first large-scale analysis of the effects of del(16q) on prognosis in newly diagnosed multiple myeloma. In this series, the presence of del(16q) was associated with worse OS. Given the association we found between del(16q) with deletions of 13 and 17p, we examined the effect of combinations of del(16q) with these and other generally recognized adverse prognostic abnormalities. The addition of del(16q) did not impact OS in cases with and without del(13q) but was associated with a significantly worse outcome in combination with either t(4;14) or del(17p). We also determined that the presence of del(16q) impacts adversely on prognosis in cases with both a low and high ␤2m. Multivariate analysis confirmed del(16q) to be an independent prognostic marker when other cytogenetic and clinical variables were taken into consideration. However, despite the apparent independence of del(16q) in determining clinical outcome, Figure 7 shows that this difference is not apparent in those cases with neither high ␤2m, nor the presence of t(4;14) or del(17p). These data mirror that of the Intergroupe Francophone Myélome (IFM), which has shown that t(4;14) and del(17p) have a lesser impact in cases with a low ␤2m. 40 It therefore appears that ␤2m still needs to be considered alongside del(16q) and other cytogenetic factors in determining prognosis.
Gene mapping provides mechanistic insights into myeloma initiation and progression
The prognostic importance of del(16q) led us to examine the genes of potential importance dysregulated by the deletion. We previously examined 30 myeloma cases using 50K mapping arrays and identified the presence of del(16q) in 5 cases, all of which involved the entire of 16q, 5 making it difficult to determine which gene or genes were of greatest importance. In this study we have performed copy number and LOH analysis using 500K mapping arrays on a subset of 55 of the 861 cases in which FISH had been performed. In addition to 10-fold greater resolution compared with the 50K arrays, we also had the advantage in this study of paired peripheral blood DNA and therefore the ability to identify allele-specific copy number. This has enabled identification of smaller deletions with greater accuracy and confident determination of true LOH and UPD. We have shown that 16q LOH is not restricted solely to deletions of the whole of 16q but ranges from deletions of the entire chromosome to interstitial deletions of less than 1 Mb. The presence of small regions of LOH outside the area covered by the MAF FISH probe on 16q and the identification of UPD of 16q in 4 cases resulted in the identification of 16q LOH in 22 of 55 cases (40%), considerably higher than the frequency identified by FISH for 16q23 deletion alone (19%). The impact of this on prognosis is unclear from this dataset because of sample size, but warrants further investigation.
Combining our current observations with what is known about the molecular biology of myeloma, it is possible to extrapolate further about the initiation and progression of myeloma. It is accepted that there are 2 broad groups of myeloma, those with reciprocal translocations and those with hyperdiploidy. Translocations are thought to involve aberrant physiologic class switch rearrangements, which deregulate oncogenes on partner chromosomes. It seems unlikely that these events, in isolation, are sufficient to give rise to myeloma as they are often evenly distributed between MGUS, SMM, and MM. The negative impact on survival of del(16q) in cases with t(4;14) suggests that genomic changes leading to functional loss of tumor suppressor genes is an important mechanism of tumor progression in these cases. The presence of 16q deletions and UPD in HMCLs supports this concept but warrants further investigation in both MGUS and relapsed myeloma cases. This type of observation can help to explain clinical heterogeneity within an apparently homogeneous group defined by a translocation. While deletion is a key mechanism in this respect, we also identify copy neutral LOH as being important (Figures 2,3) .
Definition of deregulated genes by integrating gene mapping with expression analysis
We have previously identified 60 genes located on 16q that were underexpressed in cases with LOH of the whole region. 5 However, in this study, we have used more stringent comparison criteria and identified a shorter list of 39 transcripts located on 16q that were underexpressed in cases with 16q LOH (Table S1 ). Of these, the 16 genes present on both lists include CYLD and WWOX, both of which show underexpression in the cases with LOH of 16q12 and 16q23, respectively, emphasizing their importance.
WWOX.
WWOX is located at common fragile site FRA16D, which is relevant to the pathogenesis of myeloma as it is the location of t(14;16) breakpoints that juxtapose the IgH enhancer centromeric to MAF, resulting in MAF overexpression. 21, 22 Subsequently, the WWOX gene itself was identified within FRA16D, consisting of 9 exons and spanning in excess of 1 Mb. 14 There is a high incidence of LOH of WWOX, including homozygous deletions, in a wide range of human cancers. 18 The tumor suppressor function of WWOX has been demonstrated in a number of studies in which ectopic WWOX protein expression has been shown to result in inhibition of tumor growth in breast, lung, and prostate cancer cell lines and suppressed tumorgenicity of xenografts in nude mice. 17, [41] [42] [43] In a recent study, not only did Wwox Ϫ/Ϫ mice develop spontaneous tumors, but there was also a higher incidence of ethyl nitrosurea-induced tumors, including lymphoma, in Wwox ϩ/Ϫ mice. This not only confirms the tumor suppressor function of Wwox, but it also confirms that haploinsufficiency is sufficient to induce tumorigenesis. 44 WWOX has been shown to act via a number of pathways to induce apoptosis. Murine Wwox-transfected L929 cells were shown to have an enhanced For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From sensitivity to TNF cytotoxicity, which was associated with an up-regulation of p53 and down-regulation of antiapoptotic BCL2 and BCL-xL. 38 WWOX protein also directly interacts with tumor suppressor proteins p53 and its homolog p73, enhancing the proapoptotic effects of these proteins. 37, 39 Using WWOX expression as a marker, we were able to determine a "low-WWOX signature" composed of 71 probe sets that characterized these cases. This signature needs further evaluation, particularly with regard to clinical response to chemotherapy agents acting via differing apoptosis pathways.
The interaction of WWOX protein with p53 and p73 is particularly interesting given the positive association between the presence of del(16q) and del(17p) by FISH (Table 1) . In other studies, del(17p) has been reported as being a prognostic factor in myeloma. 40, 45, 46 In our series, del(17p) showed a trend toward adverse survival, but when the effects of del(16q) were taken into consideration, the presence of del(17p) alone resulted in a survival curve equivalent to that of cases with neither del(16q) nor del(17p) ( Figure 1C ). Del(16q) alone conferred moderately adverse prognosis (median OS 36 months), whereas the combination of del(16q) with del(17p) was associated with considerably worse outlook (median OS 17 months). Given that p73 is able to activate p53 target genes, this observation suggests that with loss of p53 alone the intact WWOX/p73 pathway is able to regulate apoptosis. However, disruption of p73-dependent apoptosis caused by deletion of WWOX in combination with loss of p53 heralds rapid clinical deterioration. Further studies are warranted to investigate this and the association between t(4;14) and del(16q) further.
The high-resolution mapping arrays used in this study have allowed us to analyze in some detail the genomic structure of the t(14;16). In 2 of 3 cases with a t(14;16), we have been able to identify intragenic deletions within WWOX at the presumed translocation breakpoint. In the third t(14;16) case, a deletion of 16q23 commenced within WWOX at this site. In all 3 cases, the translocation had the same functional consequences as deletion of the entire gene by diminishing the expression of WWOX to a level equivalent to cases with deletion of the entire gene ( Figure  5 ). Therefore, the poor prognosis of the t(14;16) may not solely be caused by the overexpression of MAF resulting from the translocation but also by the simultaneous inactivation of WWOX during the molecular events leading to the translocation. In total, WWOX was deregulated in 22 of 55 cases (40%) as a result of LOH. Methylation of WWOX has been identified as being a mechanism of gene inactivation in breast and prostate cancer 47 and probably explains the low expression of WWOX in the cases without LOH or translocation of this gene. It is likely that other mechanisms of WWOX inactivation may actually have diminished the prognostic impact demonstrated by FISH of deletion of 16q23.1 in our series, given that cases with WWOX inactivation without deletion would have been included in the nondeleted group. CYLD. CYLD, located at 16q12.1, was first identified as the relevant tumor suppressor gene in cylindroma tumors, a form of hereditary skin tumor. 48 Mutation of CYLD has been detected in cylindroma cases, 49 and mutations have been noted in myeloma. 50 CYLD is known to function as a negative regulator of the NF-B pathway, [34] [35] [36] and recent studies suggest that CYLD acts via the noncanonical NF-B pathway. 50 LOH of CYLD provides further evidence of the central role of deregulation of this pathway in myeloma. In this study, we found that LOH cases clustered in the lowest quartile of CYLD expression levels. We used CYLD expression levels to define a validated list of 73 apoptosis-related probe sets. Further investigation is warranted to determine the clinical significance of alterations of genes contained within this signature.
Combined loss of tumor suppressor genes. Using highresolution gene mapping has enabled us to target specific regions of 16q as the location of key genes responsible for the poor prognosis associated with del(16q). However, it remains the case that in the majority of cases with 16q abnormalities, with the exception of cases with t(14;16), there is LOH of the whole of 16q rather than being solely the regions of interest outlined above. Given that loss of CYLD acts via the NF-B pathway to promote proliferation, and loss of WWOX expression results in loss of the proapoptotic effects of p53 and p73, it seems highly likely that it is the combined loss of these 2 genes that is the crucial factor in determining prognosis in this group of cases. As a result, it is difficult to determine the precise impact of each of the 2 genes in isolation; therefore, further studies are required to fully determine the relative importance of different genetic events in the generation of specific gene signatures and their clinical impact.
Summary
In this study, we provide significant additional information contributing to our understanding of the pathogenesis and clinical outcome of myeloma. Using FISH, we have shown for the first time the adverse prognostic impact associated with 16q deletion in a large series of newly diagnosed myeloma cases. In particular, del(16q) confers additional adverse prognosis in cases with established poor risk abnormalities such as the presence of t(4;14), del(17p), and high ␤2m. Using 500K mapping and expression arrays, we have identified the 2 most likely genes responsible for the outcome of patients with del(16q), WWOX and CYLD. These genes and their corresponding pathways also provide a focus for the identification of other aberrations that may be important in myeloma progression. For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From
